Introduction
Magic-angle spinning (MAS) is an ubiquitous method for obtaining high-resolution nuclear magnetic resonance (NMR) spectra of solids. Rapid sample spinning averages line broadening arising from anisotropic spin interactions, such as chemical shift anisotropy (CSA) and dipolar coupling, yielding high-resolution spectra of powder samples. These anisotropic spin interactions are of great interest because of their direct relation to molecular structure and local electronic environment. In the presence of molecular motion, measurement of the scaled chemical shift anisotropy and dipolar coupling can also yield order parameters from the molecular dynamics. Numerous NMR techniques have been developed to reintroduce/recouple CSA or dipolar coupling under fast MAS, which is particularly useful for uniformly labeled proteins in conjunction with multi-dimensional correlation experiments because it can be used under high-resolution conditions. However, the presence of 13 C homonuclear coupling among the directly bonded carbons can interfere with recoupling of the anisotropic interactions of interest.
For CSA measurement, only a few recoupling pulse sequences, namely ROCSA [1] and R18 1 7 [2] [3] [4] , have been designed specifically for uniformly labeled samples by minimizing the effects from homonuclear dipolar coupling. In this work, we show that a simple method of CSA amplification can be applied directly to uniformly labeled systems. CSA amplification is a class of pulse sequences that uses π-pulses to repeatedly interrupt the averaging of CSA by MAS. The timing of pulses can be designed in a way such that the effective CSA evolution yields spinning sideband manifolds equivalent to those at a much lower spinning frequency. As shown in early works by Maricq and Waugh [5] , and Herzfeld and Berger [6] , spinning sidebands are a direct result from modulation of the CSA by MAS. For spinning rates that are several times smaller than the breadth of the anisotropy, the spectral intensity is concentrated into a handful of narrow spinning sidebands that can be fitted to determine the CSA tensor parameters. This 'slow spinning' method has become a method of choice for CSA measurement of dilute spin systems wherein CSA is the only spin interaction present and the line width is usually independent of the spinning frequency. For example, it has been possible to measure the 15 N CSA in uniformly 15 N labeled GB1 protein samples [7, 8] MAS to obtain high spectral resolution, making the slow spinning method unsuitable. The CSA amplification method presented here makes the measurement of spinning sideband intensities possible under fast MAS high-resolution conditions. In the following, a brief theory of our CSA amplification method [9] (dubbed xCSA) is presented, as well as why homonuclear dipolar coupling does not affect it. This key feature, essential for application to uniformly 13 C labeled systems, is examined experimentally using an alanine sample. A comparison of 13 
Theory
CSA amplification is a class of pulse sequences for rotating solids pioneered by Griffin et al. [10] and Gullion [11] , which utilizes π-pulses to interrupt the averaging of CSA under MAS. The timing of the π-pulses can be designed such that the effective evolution yields sidebands that are exactly the same as if the spinning rate is reduced or the CSA is magnified, hence these methods have been dubbed extended chemical shift modulation (XCS) or CSA amplification. The relative sideband intensities are the same when multiplying the anisotropy or reducing the spinning frequency by a factor κ. A number of CSA amplification pulse sequences have been developed to obtain the largest amplification factor, while using the minimum number of π-pulses and shortest total duration. A recent review on this topic provides a thorough explanation and comparison of these sequences [12] . In the following, we use our recent CSA amplification sequence [9] , dubbed extended CSA amplification (xCSA), to describe the theory of CSA amplification and the effect from homonuclear dipolar couplings.
Under MAS, the chemical shift interaction can be separated into the constant isotropic shift and the modulating components from the CSA,
The signal phase evolution can be obtained by integration of the modulated chemical shift over time ω CSA (t), in terms of the indefinite integral ξ(t),
Application of π-pulses alternates the sign of the accumulated signal phase. At the end of a sequence of n π-pulses, the total phase becomes Fig. 1a shows our recent CSA amplification sequence designed based on the magic-angle turning (MAT) experiment [13, 14] . The sequence consists of a basic amplification unit (Fig. 1b) with four π-pulses spanning two rotor periods. The π-pulses are separated by time units of τ r /3, where τ r (¼1/ν r ) is the rotor period. The total evolution for the four evolution segments of the basic amplification unit can be written out explicitly 
Here t 0 is the time at the start of the pulse sequence, noting that ξ(t 0 ) ¼ ξ(t 0 þ τ r ). Invoking the MAT condition for a secondrank tensor [9, 13, 14] 
The complete CSA amplification sequence consists of two basic amplification units. The second unit is shifted by a t 1 evolution time (Fig. 1a) . The last π-pulse of the first basic unit is eliminated such that total phase evolution takes the form C CP and the 13 C carrier frequency can be changed to obtain NCA or NCO correlation. Narrow solid and empty rectangles in the pulse sequence denote π/2-and π-pulses, respectively. A cogwheel phase cycle is employed during the CSA amplification sequences to select the desired alternating coherence transfer pathway: 0 for all oddnumbered pulses starting from the excitation or CP pulse, {0, 1, 2, …, 2 a þ 1} Â π/(a þ 1) for all even-numbered pulses, and {0, π} for the receiver phase, where a is the total number of π-pulses. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
The result shows that the CSA evolution is amplified by a factor κ¼6. In addition, it can be seen from the coherence transfer diagram in Fig. 1a that the total duration of the p ¼ þ1 and À 1 segments remain equal while t 1 is incremented. Hence, the isotropic shift is kept refocused while the CSA is amplified. Refocusing of the isotropic chemical shift is necessary to ensure that only the periodic modulation of the amplified CSA is present during t 1 . Thus, Fourier transform of t 1 increments spanning one rotor period yields spinning sideband intensities corresponding to amplified CSA. More amplification units (Fig. 1b) can be inserted into the positions denoted by arrows in the pulse sequences of Fig. 1 to obtain larger amplification factors. In general, xCSA sequences consist of (8 Á n -1) π-pulses covering 4 Á n rotor periods to yield amplification factors of κ¼6 Á n.
For uniformly 13 C and 15 N labeled samples, both homo-and hetero-nuclear interactions are present in addition to the CSA being measured. For homonuclear coupling, the effect of π-pulses can be described in a toggling frame. A π-pulse applied about the x-axis transforms the spin operators such that I z -À I z , I y -À I y , I x -I x , effectively reversing the sign of the chemical shift Hamiltonian. However, the spin operators of the homonuclear dipolar coupling are bilinear and therefore their signs remain unchanged by the π-pulses throughout the whole xCSA sequence. At the end of the constant evolution time the homonuclear dipolar evolution becomes null due to the averaging of the dipolar coupling spatial components by MAS at complete rotor cycles. Hence, homonuclear dipolar coupling has no first-order effect on the CSA amplification. This is why xCSA can be applied directly to 13 C uniformly enriched systems without any modification. It should be mentioned that the homonuclear J-coupling remains constant under MAS leading to a signal attenuation cos(πJτ) for a constanttime xCSA experiment of duration τ. The short evolution time of xCSA usually makes this signal attenuation negligible. Most importantly, the constant attenuation does not introduce any t 1 modulation and therefore does not affect the CSA measurement. Similarly, heteronuclear dipolar coupling can be decoupled by applying π-pulses that are synchronous with the xCSA π-pulses, as illustrated in the pulse sequences of Fig. 1c and d . In this way, the spin part of the heteronuclear dipolar interaction remains unchanged because synchronous π-pulses are applied to both nuclei and the fast MAS averages out the spatial component of the second-rank dipolar interaction. Again the heteronuclear scalar Jcoupling remains, but it is usually small for the constant evolution times typically used for the xCSA experiment. With complete refocusing of isotropic shift and amplification of CSA in t 1 , the 2D signal of the xCSA experiment can be generally expressed as follows: 
where denotes a powder average. Under fast spinning, the CSA modulation during t 2 can be neglected and the time-domain data can be simplified as
Since ξ(t) is cyclic with respect to the rotor period, t 1 increments spanning only one rotor period are sufficient to encode the complete CSA modulation/evolution. A Fourier transformation in t 1 yields a spinning sideband intensity profile corresponding to a CSA that has been scaled up by a factor κ, as illustrated in Fig. 2 . It is evident from Eqn. (9) 2b illustrates the modulation of s(t 1 , f 2 ) for the CH site of [ 15 N]alanine. Typically, phase-modulated signals from t 1 -evolution of a single coherence transfer pathway is associated with phasetwisted line shapes [15] . In this case, though the s(t 1 , f 2 ) slices have mixed-phase (Fig. 2b) , the final 2D spectrum s(f 1 , f 2 ) is completely absorptive (Fig. 2c) . This is similar to the case of the phase-adjusted spinning sidebands (PASS) experiment [16] [17] [18] . Both xCSA and PASS have a periodic t 1 -evolution that spans one rotor period.
Interpretation of xCSA as a direct amplification of CSA is only strictly valid as in Eq. (9) when the sideband intensities in f 2 are negligible, or are all summed. For sites with large CSA, like protein backbone 13 CO, there can be significant spinning sidebands in f 2 . In practice, it is often easier and advantageous in terms of signal-tonoise to measure only the center-band peak intensity. Hence, it is necessary to derive the general expressions for the 2D xCSA spinning sideband intensities. The equations derived in the remainder of this section are used to perform numerical simulations and fit xCSA data by measuring only the centerband intensities. A MATLAB [19] script for the computation is given in the Appendix. 
We can examine the case of fast spinning, where there are no spinning sidebands in f 2 , i.e., a 0 ¼1 and a k-l ¼0 for k≠l, in the Appendix, the variable ks defines how many of these terms are summed.
Experimental
The samples of [ isopropyl-β-D-thiogalactoside for 4 h. Purification of protein was carried out by anion exchange on a Q-Sepharose FF column, followed by gel filtration on a Superdex75 column. Peak fractions were pooled and concentrated with Centriplus 3 kDa MWCO filters, and the buffer thoroughly exchanged to 20 mM sodium phosphate, pH 8.0. The GB1 solution was concentrated to 25 mg/ ml and then a 2 ml aliquot was combined with a (66.7% MPD þ 33.3% 2-propanol) precipitation solution by vortex mixing in aliquots of 2, 2, 1, and 1 ml and then incubated at 4°C for durations of 7 min, 7 min, 7 min, and 18 h after each successive addition. The resulting solution was centrifuged at 5000 rpm for two minutes and the precipitated microcrystalline sample was transferred into the NMR rotor.
All NMR experiments were performed on a wide bore 600 MHz Bruker Avance spectrometer using a 3.2 mm low-E MAS probe [20] designed and built at the NHMFL. The rf fields employed for N π-pulse lengths are 10 μs.
13 C chemical shift were externally referenced to tetramethylsilane (TMS) by setting the high-frequency resonance of solid adamantane to δ iso ¼38.48 ppm [21] . In the acquisition of multi-dimensional xCSA spectra, the t 1 increments span exactly one rotor and t 1 Fourier transformation is applied without any line broadening or first-point scaling. The xCSA evolution dimension is acquired in a phase-modulated manner without hypercomplex phase cycling, while the 15 N t 2 dimension in the sequences of Fig. 1c and d was acquired using the method of States [22] .
Results and discussion
We first examine experimentally the effect of homonuclear dipolar coupling to the CSA amplification sequence. Fig. 3 (Fig. 3b ). Hodgkinson and Emsley [23] have studied the behavior of spinning sideband manifolds and their analysis for extracting CSA parameters. They have observed from direct one-dimensional measurements that too many sidebands can introduce greater errors in CSA fitting. Hence, the use of MAS frequencies that only generate a handful of sidebands, such as for the CO site with κ¼6, is recommended for optimal CSA measurement. For the CA site, κ¼6 amplification generates only small first-order sidebands (Fig. 3a) . Larger amplification factors of κ¼12 or 18 ( Fig. 3c and d) are needed to obtain a sufficient number of sidebands to determine CSA parameters accurately. The methyl peak requires κ¼18 to measure the smallest 13 C CSA among the three sites (Fig. 3e) . In all cases, the spectra of the For proteins, the isotropic shift resolution in a one-dimensional experiment is typically not sufficient to resolve overlap among the large number of sites. The 3D pulse sequences in Fig. 1c and d combine xCSA with commonly used 2D 15 N/ 13 C correlation experiments, which in this instance provide near-complete site resolution for the GB1 protein sample. Fig. 4 illustrates the extraction of 15 N/ 13 C xCSA sideband intensities from three 3D experiments for the three backbone CO-NH-CA sites of the amide bond 
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between residues A48-T49. Amplification of κ¼6 was used for the 15 NH and 13 CO sites, while κ¼12 was used for the 13 CA sites. For each site, the xCSA sideband intensity profiles are fitted by comparing with numerical simulations using the centerband only formula in Eq. (14) and the MATLAB script in the Appendix. The Appendix (Fig. A1 ) also shows the corresponding two-dimensional root-mean-square difference between the experimental and simulated sideband intensities as a function of the CSA fitting parameters. All fitted CSA parameters are tabulated in Table 1 . It should be noted that the GB1 sample used here was prepared at pH 8.0, which differs from the pH 5.5 samples used in the literature for CSA measurement [24] . The 15 NH, 13 CA and 13 CO isotropic shifts for some of the residues have significant deviation with reported values. Hence, 3D NCACX and NCOCX spectra (not shown) were acquired and used to assign all backbone resonances. Fig. 5 shows plots of the three principal CSA components (δ 11 , δ 22 , δ 33 ) measured using xCSA for the GB1 backbone 13 CA, 13 CO and 15 NH sites. CSA parameters of GB1 have been measured previously using slow spinning and ROCSA methods [8, 25, 26] and are also plotted in Fig. 5 . The comparison shows good agreement with reported values. The 13 CA CSA shows significant variation through the protein sequence. In addition to the difference in residue type, the 13 CA CSA is also sensitive to peptide dihedral angles and protein secondary structure [27] [28] [29] , and has been used for structure refinement [25] . parameters reported for most sites [26] . The constant-time xCSA experiment has the advantage of not requiring line broadening when fitting spinning sideband intensities, as with ROCSA, to extract CSA tensor parameters. It has been noted in the literature that line broadening and CSA parameters are correlated when fitting CSA powder patterns [7] . For example, the CSA tensors of amide 15 NH sites usually have asymmetry factors near to zero (i.e., δ 22 Eδ 33 ), and applying line broadening tends to make the CSA patterns appear to have a larger difference between δ 22 and δ 33 . This may lead to the tendency to smaller differences between δ 22 and δ 33 for amide 15 NH sites measured by xCSA (Fig. 5c) than with experiments such as ROCSA.
Non-ideal π-pulses arising from inhomogeneous rf fields, frequency offset and finite pulse lengths can lead to signals of coherence transfer pathways other than the one shown in Fig. 1a . The employed cogwheel phase cycle removes these signals, ensuring the acquisition of only the desired alternating pathway. As a result, distortions due to non-ideal π-pulses are avoided by the filtering of undesired signals. However, the efficiency of the xCSA experiment decreases, especially when a large number of π-pulses are needed for large amplification factors. For example, the efficiencies of the xCSA experiments in Figs. 3a (κ ¼6, 7 π-pulses), 3c (κ ¼12, 15 π-pulses) and 3d (κ ¼6, 23 π-pulses) are approximately 80, 70 and 60%, respectively, compared to a conventional CP/MAS spectrum.
Conclusions
In summary, CSA amplification by xCSA is a robust method for measuring 13 C/ 15 N CSA of uniformly 13 C and 15 N enriched samples.
Both theory and experimental results show that 13 C homonuclear dipolar coupling does not interfere with xCSA amplification. With xCSA, the amplification factor can be varied depending on the applied spinning speed and magnitude of the CSA to obtain the optimal number of spinning sidebands for measuring CSA tensors accurately. The xCSA pulse sequence uses a short constant evolution-time of 4 Á n rotor periods and (8 Á n À 1) π-pulses to achieve amplification factors of κ¼6 Á n. The amplified spinning sideband manifolds can be fitted in a straight forward manner without the implications of line broadening and scaling factors present in other recoupling methods. As illustrated with a model protein sample, the xCSA experiment can be combined with multi-dimensional experiments to measure CA plots, the double minima are due to a change of the order of the three principal components.
